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1
LIGHT-EMITTING ELEMENT, METHOD
FOR PRODUCING SAME AND
LIGHT-EMITTING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of International
application No. PCT/JP2012/074525, filed Sep. 25, 2012,
which claims priority to Japanese Patent Application No.
2011-228925, filed Oct. 18,2011, and Japanese Patent Appli-
cation No. 2012-004195, filed Jan. 12, 2012, the entire con-
tents of each of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a light-emitting element, a
method for producing the same, and a light-emitting device.

BACKGROUND OF THE INVENTION

As a conventional white light source, a white light source,
having a blue LED (light-emitting diode) and a wavelength
conversion element including a phosphor and emitting white
light which is mixed light of light emitted from the blue LED
to penetrate through the phosphor and fluorescence from the
phosphor, is known (for example, refer to Patent Document
1).

Patent Document 1: JP 2010-512014 W

SUMMARY OF THE INVENTION

However, in the white light source described in Patent
Document 1, color tone of light emitted may vary depending
on the variation or fluctuation in light-emitting characteristics
of'the blue LED. Further, a wavelength band of light emitted
from the blue LED or the wavelength conversion element is
narrow. Thus, excellent color rendering properties are hardly
achieved by the white light source described in Patent Docu-
ment 1.

In view of these problems, a light-emitting element which
produces emission of light having a wide wavelength band is
demanded.

It is a principal object of the present invention to provide a
light-emitting element which produces emission of light hav-
ing a wide wavelength band.

The light-emitting element according to the present inven-
tion includes a first wavelength conversion unit and a second
wavelength conversion unit. The second wavelength conver-
sion unit is disposed on the first wavelength conversion unit.
The first wavelength conversion unit includes a ceramic con-
taining, as a primary component, a pyrochlore-type com-
pound represented by A'B'O, | in which A' includes at least
one element selected from the group consisting of La, Y, Gd,
Yb and Lu, and 0.001 mol % to 5 mol % of Bi, B! includes at
least one element selected from the group consisting of Sn, Zr
and Hf, and W1 is a positive number for maintaining electri-
cal neutrality. The second wavelength conversion unit
includes a ceramic containing, as a primary component, a
pyrochlore-type compound represented by A’B?0,, in
which A? includes at least one element selected from the
group consisting of La, Y, Gd, Yb and Lu, and 0.001 mol % to
5 mol % of Bi, B includes at least one element selected from
the group consisting of Sn, Zr and Hf, and W2 is a positive
number for maintaining electrical neutrality. The content of
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Lain A' is higher than the content of La in A”. The contents
ofY, Gd, and Lu in A* are higher than the contents of Y, Gd,
and Luin A",

In a specific aspect of the light-emitting element according
to the present invention, A' includes La and 0.001 mol % to 5
mol % of Bi. B! includes at least one element selected from
the group consisting of Sn, Zr and Hf. A® includes at least one
element selected from Gd andY, and 0.001 mol % to 5 mol %
of Bi. B? includes at least one element selected from Zr and
Hf.

In another specific aspect of the light-emitting element
according to the present invention, when the light-emitting
element is irradiated with light having a wavelength of 360
nm, a color of mixed light of light emitted from the first
wavelength conversion unit and light emitted from the second
wavelength conversion unit is white.

In the present invention, the term “white” refers to a light
source in which a distance duv between a chromaticity coor-
dinate of the light source and an orbit of black-body radiation
is 0.02 or less, and a temperature at the closest point on the
orbit of black-body radiation, namely, a correlated color tem-
perature is 3000 K to 10000 K in the CIE 1960 uv chroma-
ticity diagram.

In another specific aspect of the light-emitting element
according to the present invention, the light-emitting element
further includes an interditfusion layer provided between the
first wavelength conversion unit and the second wavelength
conversion unit.

In a method for producing a light-emitting element accord-
ing to the present invention, a first ceramic green sheet includ-
ing a first phosphor or a precursor thereof is formed. A second
ceramic green sheet including a second phosphor or a precur-
sor thereof is formed. The first ceramic green sheet and the
second ceramic green sheet are laminated to prepare a lami-
nate. By sintering the laminate, a sintering step of obtaining a
light-emitting element having a first wavelength conversion
unit formed from the first ceramic green sheet, and a second
wavelength conversion unit formed from the second ceramic
green sheet and joined to the first wavelength conversion unit,
is performed.

In a specific aspect of the method for producing a light-
emitting element according to the present invention, the lami-
nate is sintered such that an interdiffusion layer is formed
between the first wavelength conversion unit and the second
wavelength conversion unit in the sintering step. In this case,
the light-emitting element may include a third green sheet,
having a composition intermediate between the composition
of the first green sheet and that of the second green sheet,
between the first green sheet and the second green sheet for
the purpose of alleviating the occurrence of stress due to
sintering, and for this case, the operation and eftect described
below are not affected. Further, in this case, the incidence of
cracks can be suppressed.

In another specific aspect of the method for producing a
light-emitting element according to the present invention, the
first phosphor includes a ceramic containing, as a primary
component, a pyrochlore-type compound represented by
A'B'O,, in which A" includes at least one element selected
from the group consisting of La, Y, Gd, Yb and Lu, and 0.001
mol % to 5 mol % of Bi, B includes at least one element
selected from the group consisting of Sn, Zr and Hf, and W1
is a positive number for maintaining electrical neutrality. The
second phosphor includes a ceramic containing, as a primary
component, a pyrochlore-type compound represented by
A2B?0,, in which A? includes at least one element selected
from the group consisting of La, Y, Gd, Yb and Lu, and 0.001
mol % to 5 mol % of Bi, B? includes at least one element
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selected from the group consisting of Sn, Zr and Hf, and W2
is a positive number for maintaining electrical neutrality. The
content of La in A’ is higher than the content of La in A®. The
contents of Y, Gd, and Lu in A” are higher than the contents of
Y, Gd, and Luin A®.

A light-emitting device of the present invention includes
the light-emitting element, and a light source which emits
excitation light for the light-emitting element to the light-
emitting element.

In accordance with the present invention, it is possible to
provide a light-emitting element which produces emission of
light having a wide wavelength band.

BRIEF EXPLANATION OF THE DRAWINGS

FIG. 1 is a schematic sectional view of a light-emitting
element according to one embodiment of the present inven-
tion.

FIG. 2 is a graph showing the XRD analysis results of a first
sample.

FIG. 3 is a graph showing the XRD analysis results of a
second sample.

FIG. 4 is a photograph showing the result of element (Zr)
mapping analysis by WDX on the vicinity of a joint interface
between a first compact and a second compact of a sample 3.

FIG. 5 is a photograph showing the result of element (Hf)
mapping analysis by WDX on the vicinity of the joint inter-
face between the first compact and the second compact of the
sample 3.

FIG. 6 is a graph showing an emission spectrum of each of
the first to the third samples.

FIG. 7 is a graph showing an emission spectrum of each of
fourth to sixth samples.

FIG. 8 is a schematic sectional view of a first light-emitting
device.

FIG. 9 is a schematic sectional view of a second light-
emitting device.

FIG. 10 is a schematic sectional view of a third light-
emitting device.

FIG. 11 is a schematic sectional view of a fourth light-
emitting device.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, one preferred embodiment of the present
invention will be described. However, the following embodi-
ment is merely exemplification. The present invention is not
limited to the following embodiment at all.

Drawings referred to in the embodiment are schematically
drawn, and a dimensional ratio between objects drawn in the
drawings may be different from a real dimensional ratio
between objects. A concrete dimensional ratio between
objects is to be determined in consideration of the following
description.

A light-emitting element 1 shown in FIG. 1 is an element
which emits light having a longer wavelength than excitation
light when the excitation light enters the light-emitting ele-
ment 1.

The light-emitting element 1 has a first wavelength conver-
sion unit 11 and a second wavelength conversion unit 12. The
second wavelength conversion unit 12 is disposed on the first
wavelength conversion unit 11. That is, the first wavelength
conversionunit 11 and the second wavelength conversion unit
12 are laminated.

The first wavelength conversion unit 11 and the second
wavelength conversion unit 12 are joined to each other. An
interdiffusion layer not shown is provided between the first
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wavelength conversion unit 11 and the second wavelength
conversion unit 12. The interdiffusion layer is a layer which is
formed by interdiffusion between a component of the first
wavelength conversion unit 11 and a component of the second
wavelength conversion unit 12. The first wavelength conver-
sion unit 11 and the second wavelength conversion unit 12 are
firmly joined to each other by the interdiffusion layer. Further,
the interdiffusion layer is provided to thereby enable to slow
the change in refractive index between the first wavelength
conversion unit 11 and the second wavelength conversion unit
12. Therefore, a reflection rate of light at an interface between
the first wavelength conversion unit 11 and the second wave-
length conversion unit 12 can be reduced. Consequently,
emission efficiency of light can be increased.

The first wavelength conversion unit 11 includes a first
phosphor including a ceramic containing, as a primary com-
ponent, a pyrochlore-type compound represented by
A'B'O,, in which A" includes at least one element selected
from the group consisting of La, Y, Gd, Yb and Lu, and 0.001
mol % to 5 mol % of Bi, B includes at least one element
selected from the group consisting of Sn, Zr and Hf, and W1
is a positive number for maintaining electrical neutrality.

Inthe ceramic containing, as a primary component, a pyro-
chlore-type compound represented by A'B'O,,,, a molar
ratio (A™:B') is not strictly limited to 1:1. In the present
invention, the ceramic, which contains a pyrochlore-type
compound represented by A'B'Q, | as a primary component,
includes a ceramic in which the molar ratio (A'/B') is 0.95 to
1.05.

On the other hand, the second wavelength conversion unit
12 includes a second phosphor including a ceramic contain-
ing, as a primary component, a pyrochlore-type compound
represented by A*B20, , in which A? includes at least one
element selected from the group consisting of La, Y, Gd, Yb
and Lu, and 0.001 mol % to 5 mol % of Bi, B?includes at least
one element selected from the group consisting of Sn, Zr and
Hf, and W2 is a positive number for maintaining electrical
neutrality.

Inthe ceramic containing, as a primary component, a pyro-
chlore-type compound represented by A*B0,,, a molar
ratio (A*B?) is not strictly limited to 1:1. In the present
invention, the ceramic, which contains a pyrochlore-type
compound represented by A’B>O, , as a primary component,
includes a ceramic in which the molar ratio (A*/B?) is 0.95 to
1.05.

Herein, W2 may be the same as W1, or may be different
from W1. W1 and W2 can be each set to, for example, 3.5.
That is, specific examples of A'B'Q,,, include A',B*,0..
Specific examples of A*B?0,, include A%,B%,0,,.

The first and the second phosphors are preferably formed
by heat treating the ceramic represented by A'B'O™ or
A*B*0Ow? in a reduction atmosphere.

Herein, the first and the second phosphors including the
ceramic represented by A'B'O, , or A’B20, , produce emis-
sion of light having a wide wavelength band as compared
with, for example, a typical phosphor for white LEDs, such as
a Ga:YAG phosphor. Further, in the present embodiment, the
content of La in A' is higher than the content of La in A®. The
contents of Y, Gd, and Lu in A? are higher than the contents of
Y, Gd, and Lu in A'. Thus, the light emitted from the first
phosphor including the ceramic represented by A'B'O,,
includes emitted light having a wide band in which a center
emission wavelength is located on a relatively long wave-
length side, and the light emitted from the second phosphor
including the ceramic represented by AB20, , includes emit-
ted light having a wide band in which a center emission
wavelength is located on a relatively short wavelength side.
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Accordingly, a wavelength band of mixed light of light emit-
ted from the first phosphor, having a wide band, and light
emitted from the second phosphor, having a wide band, is
wide. That is, the light-emitting element 1 produces emission
of light having a wide wavelength band. Accordingly, excel-
lent color rendering properties can be realized. Further, a
light-emitting element 1 emitting white light can be obtained.
Specifically, when the light-emitting element is irradiated
with light having a wavelength of 360 nm, a color of mixed
light of light emitted from the first wavelength conversion
unit 11 and light emitted from the second wavelength conver-
sion unit 12 is preferably white.

The first phosphor including the ceramic represented by
A'B'0O, , is preferably a phosphor which emits light having a
center emission wavelength of 550 nm to 700 nm, and more
preferably a phosphor which emits light having a center emis-
sion wavelength of 600 nm to 700 nm. The second phosphor
including the ceramic represented by A*°B20,,, is preferably a
phosphor which emits light having a center emission wave-
length of 400 nm to 550 nm, and more preferably a phosphor
which emits light having a center emission wavelength of 400
nm to 500 nm.

In the first phosphor, A' preferably includes La and 0.001
mol % to 5 mol % of Bi. Further, B! preferably includes at
least one element selected from Zr, Sn and Hf.

In the second phosphor, A? preferably includes at least one
element selected from Gd andY, and 0.001 mol % to 5 mol %
of Bi. Further, B® preferably includes at least one element
selected from Hf and Zr.

Herein, a crystal system of the principal component of the
ceramic represented by A'B'O,,, or A*B*0, , may be a cubi-
cal crystal.

The ceramic represented by A'B'O,, or A’B®0O, , may
include impurities which are inevitably mixed (hereinafter,
referred to as “inevitable impurities”) besides A’ or A, B* or
B2 and O components. Specific examples of the inevitable
impurities include SiO,, B,O; and Al,O;.

Next, one example of a method for producing the light-
emitting element 1 will be described.

First, a first ceramic green sheet including a first phosphor
including the ceramic represented by A'B'O, , or the precur-
sor thereof'is prepared. Specifically, a first paste including the
first phosphor is prepared. Next, the first paste is applied onto
a resin sheet, for example, by a screen printing method to
thereby prepare the first ceramic green sheet. Herein, the
precursor of the first phosphor refers to a substance which can
serve as the first phosphor by being subjected to heat treat-
ment or the like.

Similarly, a second ceramic green sheet including the sec-
ond phosphor including the ceramic represented by A*B*O, ,
or the precursor thereof is prepared. Herein, the precursor of
the second phosphor refers to a substance which can serve as
the second phosphor by being subjected to heat treatment or
the like.

Next, the first ceramic green sheet and the second ceramic
green sheet are laminated. For example, a plurality of the first
ceramic green sheets may be laminated, and then a plurality
of'the second ceramic green sheets may be laminated thereon.
The number of the first ceramic green sheets laminated and
the number of the second ceramic green sheets laminated can
be appropriately set depending on the thickness of each of the
ceramic green sheets and the thickness of a wavelength con-
version unit to be obtained. The resulting laminate may be
pressed if necessary.

Next, the laminate is sintered (sintering step). Sintering of
the laminate may be performed, for example, in an atmo-
sphere including oxygen. A sintering temperature (maximum
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temperature) can be set to, for example, about 1500° C. to
1800° C. A retention time of the sintering temperature (maxi-
mum temperature) can be set to, for example, about 5 to 100
hours.

Thereafter, a sintered body is subjected to heat treatment in
a reduction atmosphere (heat treatment under reducing con-
ditions). This heat treatment step may be performed, for
example, in an atmosphere of H,/H,O. The heat treatment
temperature (maximum temperature) of the sintered body is,
for example, preferably 800° C. to 1200° C., and more pref-
erably 900° C.to 1100° C. Further, aretention time of the heat
treatment temperature (maximum temperature) of the sin-
tered body can be set to, for example, about 1 to 100 hours.

By the above-mentioned steps, it is possible to complete a
light-emitting element 1 which has a first wavelength conver-
sion unit 11 formed from at least one first ceramic green sheet,
and a second wavelength conversion unit 12 formed from at
least one second ceramic green sheet and joined to the first
wavelength conversion unit 11.

Inthe sintering step, a laminate is preferably sintered under
the conditions in which an interdiffusion layer is formed
between the first wavelength conversion unit 11 and the sec-
ond wavelength conversion unit 12.

By the way, it is considered that a light-emitting element is
prepared by separately preparing a plurality of wavelength
conversion units, and bonding these units by use of glass, a
resin adhesive or the like. However, in this case, emission
efficiency of light is decreased due to reflection of light at an
interface between the wavelength conversion unit and the
adhesive layer. When the total reflection takes place at the
interface between the wavelength conversion unit and the
adhesive layer, light extraction efficiency tends to be further
decreased since light is confined within the wavelength con-
version layer.

In contrast, in the present embodiment, the light-emitting
element 1, which includes the first wavelength conversion
unit 11 and the second wavelength conversion unit 12 respec-
tively joined to each other, is prepared by sintering the lami-
nate in which the first ceramic green sheet and the second
ceramic green sheet are laminated. Therefore, it is not neces-
sary to provide an adhesive layer between the first wavelength
conversion unit 11 and the second wavelength conversion unit
12. Therefore, it is possible to suppress reflection or confine-
ment of light at an interface between the first wavelength
conversion unit 11 and the second wavelength conversion unit
12. Accordingly, high light extraction efficiency can be real-
ized.

Furthermore, when the interdiftfusion layer is provided, the
refractive index varies gradually in a thickness direction
between the first wavelength conversion unit 11 and the sec-
ond wavelength conversion unit 12. Accordingly, the reflec-
tion of light can be more effectively suppressed.

A light-emitting device can be formed by combining the
light-emitting element 1 with a light source. FIG. 8 is a
schematic sectional view of a first light-emitting device 6
including the light-emitting element 1. The first light-emit-
ting device 6 includes the light-emitting element 1 and a light
source 2. The light-emitting element 1 is disposed on a sub-
strate 4. The light source 2 is arranged away from the light-
emitting element 1. The light source 2 emits excitation light
for the light-emitting element 1 to the light-emitting element
1. Examples of the light source 2 include an LED. The light-
emitting element 1 emits light by receiving excitation light
from the light source 2. In the first light-emitting device 6, a
part of the excitation light from the light source 2 is reflected
by a reflector 3 and reaches the light-emitting element 1.
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The surface of the light-emitting element 1 may be pro-
cessed into a lens shape or a moth-eye structure by machine
processing such as polishing or laser ablation processing
from the viewpoint of improvement in light extraction effi-
ciency or adjustment of directivity. Further, from the same
viewpoint, other material including a resin or glass, which is
processed into a lens shape or a moth-eye structure by
machine processing such as polishing or laser ablation pro-
cessing, may be disposed on the surface of the light-emitting
element 1.

FIG. 9 is a schematic sectional view of a second light-
emitting device 7. In the second light-emitting device 7, the
light-emitting element 1 and the light source 2 are connected
to each other with an epitaxial wafer 5 interposed therebe-
tween. The light-emitting element 1 and the epitaxial wafer 5
can be connected to each other by, for example, a method of
using an adhesive or a method of utilizing heat diffusion. The
epitaxial wafer 5 is formed by, for example, sapphire, silicon
carbide, silicon, aluminum nitride, or gallium nitride. In the
light source 2 of the second light-emitting device 7, a first
electrode 24, a p-type layer 22, an emissive layer 23, and an
n-type layer 21 are located in this order. The p-type layer 22
is electrically connected to the first electrode 24. The n-type
layer 21 is electrically connected to the second electrode 25.

FIG. 10 is a schematic sectional view of a third light-
emitting device 8. In the third light-emitting device 8, the
light-emitting element 1 and the light source 2 are directly
connected to each other without the epitaxial wafer 5 inter-
posed therebetween.

FIG. 11 is a schematic sectional view of a fourth light-
emitting device 9. In the fourth light-emitting device 9, the
light-emitting element 1 and the light source 2 are in contact
with each other without spacing.

Hereinafter, the present invention will be described inmore
detail based on specific Examples, but the present invention is
not limited to the following Examples, and variations may be
appropriately made without changing the gist of the present
invention.

Example 1

First, high purity La (OH);, Gd,0;, Y,0;, ZrO,, HfO,,
SnO, and Bi,0; were prepared as raw materials. These raw
materials were weighed so as to have composition A shown in
Table 1 below, and wet-mixed in a ball mill for 20 hours. The
resulting mixture was dried, and then calcined at 1300° C. for
3 hours to obtain a calcined product. The calcined product
was put into a ball mill together with water, an organic dis-
persant and an organic binder, and wet-pulverized for 12
hours. Next, the resulting pulverized product was shaped into
a green sheet of 60 pm in thickness. The resulting green sheet
was cut out into a piece of 10 mm square, and 15 pieces were
overlaid and pressed at a pressure of 2 t/cm? to prepare a first
compact of 10 mm square, having a thickness of about 0.8
mm.

A second compact was obtained in the same manner except
for weighing so as to have composition B shown in Table 1
below.

TABLE 1
Compositional Ratio
Site A Site B
Composition La Gd Y Bi Zr Hf Sn
A 0.995 0.005  1.000
B 0.995 0.005 1.000
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TABLE 1-continued

Compositional Ratio

Site A Site B
Composition La Gd Y Bi Zr Hf Sn
C 0.995 0.005 0.800  0.200
D 0.500 0.500 0.005 0.500  0.500

Next, each of the first compact and the second compact was
fired in an atmosphere having an oxygen concentration of
about 98% at 1700° C. for 20 hours. The resulting sintered
body was heat-treated in a reduction atmosphere of H,/H,O
(oxygen partial pressure: 1x107*> MPa) at 900° C. for 3
hours. Thereafter, both surfaces of each sample were sub-
jected to mirror polishing to adjust the thickness to 0.5 mm,
and thus a first sample and a second sample were obtained.
Theresults of XRD analysis of the first sample and the second
sample are shown in FIG. 2 and FIG. 3.

It is found from the results shown in FIG. 2 and FIG. 3 that
the first sample includes a compound having a pyrochlore
structure having a composition represented by La,Zr,0,. Itis
also found that the second sample includes a compound hav-
ing a pyrochlore structure having a composition represented
by Gd,Hf,0,.

Next, another first compact and another second compact,
which were separate from the compacts used in preparing the
first sample and the second sample, were laminated, and the
resulting laminate was pressed at a pressure of 2 t/cm?® to
obtain a third compact of 10 mm square, having a thickness of
about 1.5 mm.

Next, the third compact was fired in an atmosphere having
an oxygen concentration of about 98% at 1700° C. for 20
hours. The resulting sintered body was heat-treated in a
reduction atmosphere of H,/H,O (oxygen partial pressure:
1x107*° MPa) at 900° C. for 3 hours. Thereafter, both surfaces
of the sintered body were subjected to mirror polishing to
obtain a laminated light-emitting element (sample 3) having a
thickness of 1.0 mm.

Next, element mapping analysis by WDX on the vicinity of
a joint interface between the first compact and the second
compact of sample 3 was performed. The results are shown in
FIG. 4 and FIG. 5.

It is found from the results shown in FIG. 4 and FIG. 5 that
an interdiffusion layer having a thickness of about slightly
less than 100 pm is formed at the interface.

On each of the first sample to the third sample prepared,
spectrofluorometric measurement at the time of irradiation
with ultraviolet rays having a wavelength of 360 nm was
conducted using a multichannel analyzer (PMA-12) manu-
factured by Hamamatsu Photonics K.K. Emission spectra of
the first sample to the third sample are shown in FIG. 6,
respectively. It is found from the results shown in FIG. 6 that
emission of light having a wide band is obtained from the
third sample according to the present invention.

Further, in the first sample, orange-colored emission, spe-
cifically, emission in which the correlated color temperature
was 2100 K and the duv was 0.008 was observed. On the other
hand, in the second sample, blue-colored emission, specifi-
cally, emission in which the correlated color temperature was
11800 K (reference value) and the duv was 0.037 was
observed. Further, in the third sample, white-colored emis-
sion, specifically, emission in which the correlated color tem-
perature was 4800 K and the duv was 0.005 was observed.

Herein, the term “correlated color temperature” refers to a
temperature of a black body at a point on an orbit of black-
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body radiation, the point being located at a position closest to
a chromaticity coordinate of light emission in the CIE 1960
uv chromaticity diagram, and the “duv” represents a distance
therebetween. In addition, since JIS standard Z 8725 (1999)

10

and 10 for composition B, was prepared in the same manner
and was defined as sample 8. The correlated color tempera-
ture (K), the duv and the general color rendering index of each
of' samples 7 and 8 are shown in Table 2.

TABLE 2
Correlated Color General Color
Temperature duv  Rendering Index (Ra) R9 RI10 RI1 RI2 R13 R14 RIS
Sample 3 4800 K 0.005 97 96 94 95 97 98 98 99
Sample 6 4300 K 0.013 94 89 91 87 89 94 98 94
Sample 7 5800 K 0.007 96 93 96 93 98 97 97 97
Sample 8§ 2800 K 0.003 99 97 98 98 97 99 100 99

specifies that emission of light allowed to be represented in
terms of the correlated color temperature is emission of light
in which the duv is 0.02 or less, the correlated color tempera-
ture of the second sample is shown as a reference value.

In Table 2 are shown the results of general color rendering
indexes Ra and special color rendering indexes R9 to R15
determined from the emission spectrum of the third sample
according to JIS Z 8726.

Herein, the term “color rendering evaluation index” is an
index indicating how faithfully a color of an object obtained
in irradiating the object with light of a reference light source
is reproduced, and the index closer to 100 is determined to
have better color rendering properties. In addition, the term
“general color rendering index” indicates an average value of
color rendering evaluation indexes in test colors No. 1 to No.
8 specified by JIS Z 8726, and the term “special color render-
ing index” indicates color rendering evaluation indexes of test
colors No. 9 to No. 15.

It is found from the results shown in Table 2 to achieve so
extremely excellent color rendering properties that almost
color rendering evaluation indexes are 95 or more.

Example 2

A sintered substrate of 0.5 mm in thickness (sample 4)
having composition C, a sintered substrate of 0.5 mm in
thickness (sample 5) having composition D, and a laminated
light-emitting element of 1.0 mm in thickness (sample 6),
formed by laminating/sintering composition C and composi-
tion D, were prepared by the same method as in Example 1
except for preparing high purity La(OH);, Gd,0;, Y,O;,
7r0,, HfO,, SnO, and Bi,0, as raw materials, and weighing
these raw materials so as to have composition C or D shown
in Table 1.

On the fourth sample to the sixth sample prepared, spec-
trofluorometric measurement was conducted in the same
manner as in Example 1, and emission spectra thereof are
shown in FIG. 7.

It is found from the results shown in FIG. 7 that emission of
light having a wide band is obtained from the sixth sample
according to the present invention. The correlated color tem-
perature (K), the duv and the general color rendering index of
sample 6 are shown in Table 2.

Example 3

A new laminated light-emitting element was prepared by
the same method as in Example 1 except for changing the
number of green sheets laminated in Example 1 to 10 for
composition A and 20 for composition B, and was defined as
sample 7. A laminated light-emitting element, in which the
number of green sheets laminated was 20 for composition A

20

25

30

35

40

45

50

55

60

65

Itis found from the results shown in Table 2 that the present
invention provides a light source in which the color rendering
properties are as extremely excellent as the color rendering
evaluation index is almost 95 or more in a wide color tem-
perature range of a correlated color temperature of 2800 K to
5800 K.

Comparative Example 1

A sintered substrate of 0.5 mm in thickness, having com-
position A, and a sintered substrate of 0.5 mm in thickness,
having composition B, were prepared by the same method as
in Example 1, and these substrates were bonded to each other
with a transparent epoxy resin to prepare comparative sample
1 of 10 mm square, having a thickness of 1.0 mm.

The amount of light emitted of comparative sample 1 was
compared with that of the third sample. The evaluation
method of this comparison will be described below.

First, a UV-LED chip having a wavelength of 360 nm is
prepared, and a sample is placed on the chip and irradiated
with light of the UV-LED in this state.

All light emitted from the front surface of the sample is
taken into an integrating sphere, and the emission spectrum
intensity of the light is measured with a multichannel ana-
lyzer (PMA-12) manufactured by Hamamatsu Photonics
KK.

The resulting emission spectrum is integrated with respect
to a wavelength within a visible light region of 400 nm to 700
nm to define the integrated value as the emission intensity.

The measurement results of the amounts of light emitted of
sample 3 and comparative sample 1 are shown in Table 3.

TABLE 3

Integrated Value of Amount of
Light Emitted with Respect to
Wavelength (arb.)

100
65

Sample 3
Comparative Sample 1

Ithas been found from the results shown in Table 3 that the
amount of light emitted of sample 3 is larger than that of
comparative sample 1. Accordingly, it has also been found
that when a plurality of sintered substrates are used as the
wavelength conversion layer, the wavelength conversion
layer in which the substrates are joined to one another by
sintering can more enhance the light extraction efficiency
toward a front side than the wavelength conversion layer in
which the substrates are bonded to one another with an adhe-
sive.
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DESCRIPTION OF REFERENCE SYMBOLS

1 Light-emitting element

11 First wavelength conversion unit

12 Second wavelength conversion unit

2 Light source

21 n-Type layer

22 p-Type layer

23 Emissive layer

24 First electrode

25 Second electrode

3 Reflector

4 Substrate

5 Epitaxial wafer

6 First light-emitting device

7 Second light-emitting device

8 Third emitting device

9 Fourth light-emitting device

The invention claimed is:

1. A light-emitting element comprising

a first wavelength conversion unit; and

a second wavelength conversion unit disposed on the first
wavelength conversion unit, wherein

the first wavelength conversion unit includes a ceramic
containing, as a primary component, a pyrochlore-type
compound represented by A'B'O,, in which A’
includes at least one element selected from the group
consisting of La, Y, Gd, Yb and Lu, and 0.001 mol % to
5 mol % of Bi, B! includes at least one element selected
from the group consisting of Sn, Zr and Hf, and W1 is a
positive number to maintain electrical neutrality,

the second wavelength conversion unit includes a ceramic
containing, as a primary component, a pyrochlore-type
compound represented by A’B?0,, in which AZ
includes at least one element selected from the group
consisting of La, Y, Gd, Yb and Lu, and 0.001 mol % to
5 mol % of Bi, B? includes at least one element selected
from the group consisting of Sn, Zr and Hf, and W2 is a
positive number to maintain electrical neutrality, and

the content of Lain A' is higher than the content of La in A®
and

the contents of Y, Gd and Lu in A? are higher than the
contents of Y, Gd and Lu in A".

2. The light-emitting element according to claim 1,

wherein

A'includes La and 0.001 mol % to 5 mol % of Bi ,

B! includes at least one element selected from the group
consisting of Sn, Zr and Hf,

A? includes at least one element selected from Gd and Y,
and 0.001 mol % to 5 mol % of Bi, and

B? includes at least one element selected from Zr and Hf.
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3. The light-emitting element according to claim 1,
wherein, when the light-emitting element is irradiated with
light having a wavelength of 360 nm, a color of mixed light of
first light emitted from the first wavelength conversion unit
and second light emitted from the second wavelength conver-
sion unit is white.

4. The light-emitting element according to claim 1, further
comprising an interdiffusion layer between the first wave-
length conversion unit and the second wavelength conversion
unit.

5. The light-emitting element according to claim
wherein a molar ratio of A*/B? is 0.95 to 1.05.

6. The light-emitting element according to claim
wherein W2 is the same as W1.

7. The light-emitting element according to claim
wherein W2 is different from W1.

8. The light-emitting element according to claim
wherein the ceramic containing A'B'O,, is a phosphor
which emits first light having a center emission wavelength of
550 nm to 700 nm.

9. The light-emitting element according to claim 8,
wherein the center emission wavelength is 600 nm to 700 nm.

10. The light-emitting element according to claim 8,
wherein the ceramic containing A*B20,, is a phosphor
which emits second light having a center emission wave-
length of 400 nm to 550 nm.

11. The light-emitting element according to claim 10,
wherein the center emission wavelength of the first light is
600 nm to 700 nm and the center emission wavelength of the
second light is 400 nm to 500 nm.

12. The light-emitting element according to claim 1,
wherein the ceramic containing A*B20,, is a phosphor
which emits second light having a center emission wave-
length of 400 nm to 550 nm.

13. The light-emitting element according to claim 12,
wherein the center emission wavelength of the second light is
400 nm to 500 nm.

14. A light-emitting device comprising:
the light-emitting element according to claim 1; and

a light source which emits excitation light to the light-

emitting element.

15. The light-emitting device according to claim 14,
wherein the light-emitting element and the light source are
spaced from each other.

16. The light-emitting device according to claim 14,
wherein the light-emitting element and the light source are
connected to each other.
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